Gaining insight into the catalysis by GH20 lacto-N-biosidase using small molecule inhibitors and structural analysis † The synthesis of potent inhibitors for lacto-N-biosidases and X-ray structural characterization of these compounds in complex with
BbLNBase is described.
The role that the microbiome plays in human health and disease is being shown to be extremely important and as such is receiving considerable attention. 1 Bacteria of the genus Bifidobacterium are especially critical to the health of the GI tract as they constitute a large proportion of the GI microbiome 2 and they have been shown to be important in influencing the distribution of other GI microbiota. 3 Colonization of the GI tract by these bacteria occurs soon after birth and it is believed that they play a beneficial role in stimulating the immune response, preventing colonization of pathogenic bacteria and suppressing inflammatory responses. 4, 5 To establish and maintain colonization bifidobacteria express a wide range of carbohydrate-processing enzymes 2 which allows them to utilize carbohydrates that are not digestible by the host, or other microbes. This trait offers a competitive advantage especially in breast-fed infants. 6 One specific class of carbohydrates that is acted upon by bifidobacterial enzymes are the human milk oligosaccharides (HMOs), 7 that include over 130 different glycans and are found in concentrations of up to 20 g per litre in human milk. 8, 9 Due to the importance of these compounds for the life of bifidobacteria, 10 unique biochemical pathways have evolved in these bacteria to breakdown these compounds. One such pathway is termed the lacto-N-biose (LNB) pathway 11, 12 which allows for metabolic utilization of LNB (Gal-(b1,3)-GlcNAc), 13 a common structural motif found in HMOs. 9, 14 Consequently, an enzyme important to the LNB pathway is lacto-N-biosidase (LNBase), a b-N-acetyl-hexosaminidase that liberates LNB from HMOs. LNBases are classified currently as members of family 20 of the glycoside hydrolases (GHs) ‡ and like other members of this family it has been shown to use a two-step catalytic mechanism involving substrate-assisted catalysis that forms a transient oxazoline or oxazolinium ion intermediate (Fig. 1A) . 15, 16 Much of the insight into the active site architectures and catalytic mechanisms of GH20 glycosidases and several other glycosidase families has been made through the synthesis of inhibitors of the respective enzyme being studied. In respect to LNBase, the disaccharide 1 has been prepared, 15 which is based on the known inhibitor NAGthiazoline, 17 a potent inhibitor of other GH20 exo-b-N-acetylhexosaminidases which only cleave monosaccharide GlcNAc (or GalNAc) residues from glycoconjugates. Indeed, the disaccharide 1 was shown to be a potent inhibitor and aided in the confirmation of the catalytic mechanism of LNBases. 15, 16 Due to the considerable interest in exo-b-N-acetyl-hexosaminidases from GH20 and other GH families, numerous other potent inhibitors have also been synthesized with the most well known of these being the hydroximolactone-based compounds LOGNAc and PUGNAc, 18 the iminosugars NHAcDNJ, 19 and NHAcCAS and an isomer of the latter compound NHAc-australine 20 ( Fig. 1B) . The inhibitory properties of these compounds towards exo-b-N-acetyl-hexosaminidases is thought to come about through the way each of them mimic, either through shape or charge, the putative transition state of the pyranose ring during catalysis (Fig. 1A) . 21 As LNBases are important enzymes in the degradation of HMOs by bifidobacteria and that thiazoline-based inhibitors suffer from instability in solution, 22 the development of a repertoire of suitable tools is necessary to study the roles that this enzyme plays in bacterial growth and establishment within the GI tract. Thus we set about preparing compounds 2-6 which are compounds tailor-made to be potent inhibitors of LNBase. Compounds 2 and 3 were prepared starting from the alcohol 7 23 (Scheme 1). TMSOTf-promoted glycosylation with the trichloroacetimidate 8, gave the disaccharide 9 in good yield. Removal of the benzylidene protecting group gave the diol 10, which was then converted to the acetate 11. Of note here is that 10 is a key intermediate to access not only 2 and 3 but also the iminosugar 4. Treatment of 11 under acetolysis conditions followed by selective removal of the presumed anomeric acetate gave the hemiacetal 12. This material was then activated with hydroxylamine hydrochloride which yielded the presumed mixture of oximes which was in turn converted to the hydroximolactone 13 in excellent overall yield. For the preparation of 2, acetylation of 13 gave 14, and subsequent conversion of the azide to an acetamido group using Pd(OH) 2 -mediated hydrogenolysis gave 15. Global deprotection furnished the desired compound 2 in good overall yield. For 3, the hydroximolactone 13 was converted to the carbamate 16 and using similar conditions as for the preparation of 15 and 2, compounds 17 and 3 were prepared respectively.
The iminosugar 4, was synthesized from 10 starting with a one-pot activation at O-6, and in situ acetylation to give the iodide 18 in excellent yield over three steps. Elimination across C-5/6 was achieved using DBU to give the desired alkene 19. Treatment of the alkene 19 using Staudinger conditions followed by acetylation gave the amide 20. Oxidation of 20 with mCPBA, followed by deprotection provided the presumed intermediate ulososide which when put under reductive amination conditions in the presence of ammonium formate and hydrogen gratifyingly gave 4, exclusively as the D-isomer, consistent with previous observations for similar transformations. 24, 25 The synthesis of the iminosugars 5 and 6 started from the carbamate 21.
26 Again, TMSOTf-promoted glycosylation with the trichloroacetimidate 8, gave the disaccharide 22 in good yield.
Removal of the isopropylidene protecting group and in situ acetylation gave 23. Removal of the Cbz-protecting group yielded the alcohol 24, which is the critical divergence point to the synthesis of 5 and 6. Activation of the alcohol on 24 as a presumed mesylate, followed by treatment with sodium azide 20 gave the two azides 25 and 26. For 5, hydrogenolysis of 25 followed by in situ acetylation gave 27, which after removal of the acetyl protecting groups gave the desired disaccharide 5. Similar methodologies were used for converting crude 26, through 28, to 6.
With the synthesized set of inhibitors now in hand, we evaluated them against a representative GH20 LNBase found in Bifidobacterium bifidum (BbLNBase) and found them all to be potent competitive inhibitors of this enzyme (Table 1 ). These results demonstrate that these inhibitor scaffolds that have been used previously to inhibit exo-b-N-acetyl-hexosaminidases are also useful in inhibiting the disaccharide releasing LNBase-type enzymes. In terms of comparing the potency of the inhibitors 2-6 to their monosaccharide derivatives, all the compounds are in good agreement. Typically, PUGNAc is a very potent inhibitor of GH20 and GH84 enzymes 27, 28 with LOGNAc being less potent. 29 The iminosugars NHAcDNJ and NHAcCAS also have good potency towards enzymes from GH20 30 and GH84. 25, 31 NHAc-australine has to date, not been assessed as an inhibitor of exo-b-N-acetylhexosaminidases.
To gain a more detailed understanding of the molecular basis for the inhibition of BbLNBase co-crystallization trials with 2-6 were attempted. We finally determined high resolution (up to 1.60 Å) crystal structures of BbLNBase in complex with compounds 2, 4-6 ( Fig. 2) with clear electron densities. Of note is that this is also the first report of an X-ray structure of an exob-N-acetyl-hexosaminidase in complex with a NHAc-australinebased compound. All of the hydroxyl groups of the inhibitors 2, 4-6 form hydrogen bonds with the surrounding amino acids. Previously it has been established that the amino acid D467 plays a crucial role in recognizing the pyranose ring of LNB and 1 at the À1 subsite, forming bidentate hydrogen bonds with the C4 and C6 hydroxyl groups. 16 In concert with these observations, the bidendate hydrogen bonds from D467 are present in all complex structures, even in 5 and 6, which have an unusual bicyclic group in the À1 subsite. The hydroxyl group present at the C1 position of the iminosugar in 5 is located at the most appropriate position to form a hydrogen bond whereas the corresponding hydroxyl group in 6 is not ideally positioned. This difference in the geometry of this hydrogen bond is likely a source of the difference in the K i values obtained for 5 and 6. For the hydroximolactone-based compound 2, similar features are observed with an additional hydrogen bond also being formed between the nitrogen atom of the hydroximo group and E321 (catalytic acid/base). Due to lack of success in obtaining BbLNBase in complex with 3, a docking analysis was undertaken in an effort to gain insight into the molecular basis for inhibition. Using Autodock Vina, 32 a good match was obtained for the binding of 3
with BbLNBase, using the protein structure of BbLNBase-2 complex as a receptor, with the affinity determined to be À8.7 kcal mol À1 which is in good agreement with the K i (see figure in ESI †). In addition to similar binding features observed for 2, 4-6 the docking analysis also revealed a potential extra hydrogen bond between the hydroximolactone oxygen of 3 and Y427. Interestingly the docking analysis also revealed that the phenyl ring is positioned in a hydrophobic pocket of BbLNBase surrounded by A424 and V426 which lies ahead of the hydrophobic cage commonly found in GH20 exo-b-N-acetyl-hexosaminidases, 33 and this likely also adds to the increased potency of 3 versus 2. 
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One method that can lead to inhibition of glycosidases is to mimic the conformation of the pyranose ring at the intermediate and transition states of catalysis (Fig. 1A) . 21 Thus we analysed the conformations of the pyranose ring containing inhibitors 2, 4 and 5 in detail using the Cremer-Pople system which is used to determine the conformation of six-membered rings (see 16 In conclusion the study of LNBases is critical to understanding how Bifidobacteria degrade HMOs and thus occupy a niche in the GI tract. The inhibitors prepared here are all potent inhibitors of BbLNBase and, through structural analysis, reasons for their potency are presented. Further detailed structural analysis of BbLNBase in complex with inhibitors synthesized by rational design will facilitate the development of more potent and stable inhibitors of LNBases. Additionally, these compounds will also prove useful for studying the roles that this enzyme plays in the bifidobacteria life cycle, HMO degradation and other biological pathways. Notes and references ‡ A LNBase from B. longum is currently non-classified.
